Gram-negative bacteria are generally more resistant to antibiotics than are their gram-positive counterparts. This is particularly true of Pseudomonas. Two main factors are responsible for the resistance of gram-negative bacteria to ,B-lactam antibiotics; these are intrinsic resistance and the production of,B-lactamase by the cells (see review by Richmond and Sykes [16] .
Intrinsic resistance is due to the presence of a permeability barrier in the outer membrane of gram-negative bacteria (1, 5, 24) . This barrier restricts the access of antibiotics to their targets.
,-Lactamases have been extensively studied both in gram-positive (2) and gram-negative bacteria (16) . The 6-lactamases produced by gram-positive bacteria are extracellular enzymes, many of which are inducible. Among the gram-negative bacteria at least 15 types of ,-lactamases have now been identified (16) .
These enzymes are cell bound and. may be either constitutive or inducible. Three types of IPresent address: Glaxo Research Ltd., Greenford, Middlesex, England.
, 8 -lactamases have been found among strains of Pseudomonas aeruginosa. One of these enzyme types seems to be present in all strains of P. aeruginosa, namely, the inducible enzyme described by Sabath et al. (6, 20, 21) . Maximal induction is obtained using high concentrations of inducer for long periods (4, 6, 21) . This makes the induction of 0-lactamase a rather unphysiological response, since growth is greatly impaired by these high concentrations of antibiotic inducer. A study of the kinetics of,-lactamase induction is reported in the companion paper (14) .
In the present study we have investigated the (14) . The strain u.ed was P. aeruginosa 1822s, which is derived from strain 1822 (9) by the loss of the s-lactamase plasmid (25) .
RESULTS
Resistance to penicillins. Single-cell resistance of P. aeruginosa 1822s against a number of ,B-lactam antibiotics was very high. However, resistance to carbenicillin was about 10 times lower than that to the other substances ( Table  1 ). The effect of benzylpenicillin on strain 1822s was tested in liquid culture. Growth, measured by optical density (Fig. 1) , was affected by concentrations of benzylpenicillin which were far less than the single-cell resistance (see Table  1 ). However, at 25 jg/ml the effect was obtained only after about 3 h of incubation. At higher concentrations, growth was impaired earlier and the effect was more pronounced (cf. Fig. 6 ).
Phase-contrast microscopy revealed that 25 jig of benzylpenicillin per ml caused formation of filaments. At higher concentrations of penicillin the filaments had a tendency to stick together in bundles that at 1,000 gg/ml were visible to the naked eye. At the highest concentrations of penicillin tested a great portion of the filaments appeared to be empty. Some swollen cells and cell fragments could also be seen under these conditions. After 5 h the optical density curves accelerated again and this was linked to a rapid increase in the frequency of normal rods.
The decrease in growth rate is also apparent from the protein measurements shown in Fig. 2 b Determined on LA plates as described by Nordstrom et al. (12) .
c Ratio between rate of hydrolysis by disrupted cells and by intact cells (16) . Effect of benzylpenicillin on growth of P. aeruginosa 1822s. The bacteria were grown in LB medium for at least 10 generations in the logarithmic phase. At an optical density of about 1 (zero time) the culture was diluted fivefold into prewarmed (37 C) LB medium containing benzylpenicillin, and incubation continued at 37 C. Optical density was measured at intervals. The concentrations of benzylpenicillin tested are given as micrograms per milliliter in the figure. there was a rapid increase in the amount of extracellular protein up to about 50%.
Hydrolysis of penicillin by growing cultures. To test the hypothesis that resumption of growth might be due to detoxification of the medium by the inducible ,-lactamase, the concentration of penicillin in the culture was measured at different times (Fig. 3) . The result was similar at all concentrations of benzylpenicillin tested (range 25 to 2,000 Ag/ml)-rapid hydrolysis after a lag period. This lag was shorter the higher the concentration of penicillin (cf. Fig.  6 ). In all cases the penicillin added had been hydrolyzed after 4 to 4.5 h, the rate of hydrolysis increasing with the penicillin concentration. The time of complete detoxification corresponded well with the time when the optical density curves of Fig. 1 accelerated again. Hence, resumption of growth of the population was due to the disappearance of the antibiotic.
,B-lactamase activity after growth in presence of benzylpenicillin. The activity of ,-lactamase was measured in 60 clinical isolates of P. aeruginosa grown in penicillin-free medium. All strains tested produced a basal level of ,-lactamase (0.002 to 0.004 U/mg of protein) (13) .
The basal level of ,B-lactamase found in P. aeruginosa 1822s (0.002 U/mg of protein) Is not enough to count for the rate of hydrolysis observed in Fig. 3 . The slope of the curve for 2,000 gg of benzylpenicillin per ml and the corresponding protein value (Fig. 3) gives an activity exerted by the culture of 0.34 U/mg of protein, which is 200 times the basal activity. This induction was studied at different concentrations of benzylpenicillin (Fig. 4) . There was a considerable lag before any increase in ,B-lactamase activity was detected. This lag was shorter the higher the concentration of penicillin tested (cf. Fig. 6 ).
Initially ,8-lactamase was cell bound, with ,8-lactamase being excreted into the medium at a later stage (Fig. 4) . The excretion was not due to lysis of a great part of the culture, but rather to an opening of the periplasmic volume. Protein appeared in the medium (dotted curve in Fig. 4) at the same time as ,B-lactamase. However, -the relative excretion of protein was only 11%, whereas 55% of the ,8-lactamase was extracellular after 4.5 h of incubation. Figure 4 also shows the hydrolysis and optical density curves (top part) and the,-lactamase activity exerted by the growing culture; the latter values were taken from the slopes of the curve showing the hydrolysis of benzylpenicillin. It is evident that the hydrolysis observed in the culture was almost completely due to the extracellular B-lactamase activity. The cell bound ,B-lactamase thus is not used by the cells to its full capacity. This can be compared to the crypticity values shown in Table 1 .
Cholate sensitivity induced by penicillin. The excretion of periplasmic ,-lactamase by cells growing in the presence of penicillin sug- gested that the bacterial envelope had been changed in some way. As reported in a previous paper (1) , cells become cholate sensitive by treatment with penicillin. The time after which this sensitivity was manifested was shorter the greater the penicillin concentration (cf. Fig. 6 ). Cholate sensitivity was also induced by carbenicillin and methicillin.
Comparison of the effect of carbenicillin and benzylpeniclliin. The inducible fB-lactamase cannot use carbenicillin as substrate and the enzyme is inhibited by this jl-lactam drug.
Therefore, the effect of carbenicillin on a growing culture was compared with that of benzylpenicillin (Fig. 5) . Several hours elapsed before benzylpenicillin hydrolysis started in the cul- concentration of the drug. However, the growth curves deviated from the control curve at the same time in the presence of benzylpenicillin as in the presence of carbenicillin. Later, carbenicillin caused lysis, whereas in the presence of benzylpenicillin there was just a reduction in the growth rate. Both penicillins tested caused the formation of filaments. Normal growth rate was resumed when all benzylpenicillin had disappeared from the medium.
DISCUSSION
Resistance of the individual cell to penicillins. The question arises as to whether the inducible enzyme is of any significance to the resistance of the single cell, since-induction of the enzyme shows a long lag. In gram-negative bacteria even a low activity of an inducible enzyme is of significance, since the enzyme cooperates with a penetration barrier (the outer membrane) (1, 5, 24 ; see also discussion of intrinsic resistance by Richmond and Sykes [16] ). This can be shown by a comparison of resistance to carbenicillin and benzylpenicillin. Carbenicillin and benzylpenicillin were equally effective in impairing growth; at the same concentration, the lag before the growth curves deviated from the control was identical (Fig. 5) . However, the inducible ,8-lactamase is inactive against carbenicillin (16) and carbenicillin caused lysis of the whole culture even at 100 gg/ml, whereas the culture survived even in the presence of a 10 times higher concentration of benzylpenicillin. Rosselet (17) has shown that mutants in which the s-lactamase can no longer be induced are much less resistant than the wild type. Hence, it can be concluded that the inducible f,-lactamase is of significance for resistance to penicillins and cephalosporins.
Resistance of the population. As is apparent by comparing Fig. 1 and 3 , the induced 1B-lactamase activity is very important for the survival of the population. As soon as the antibiotic is completely hydrolyzed, normal growth resumes again and the filaments that are induced revert to normal rods. The benificial effect of the inducible ,B-lactamase was first demonstrated by Sabath and Abraham (18) . Analogous results have been reported for other organisms by several authors (10, 19) . However, the survival of the population in the presence of benzylpenicillin was to a great extent due to extracellular f,-lactamase. This is analogous to the behavior of gram-positive bacteria rather than to that of enterobacteria; in the latter case jB-lactamases are cell bound (periplasmic) (3, 7, 8, 11, 16) .
Induction of i3-lactamase due to effects on cell wall biosynthesis? In this paper we have described various effects exerted by benzylpenicillin on P. aeruginosa. A number of independent parameters have been used: filament and chain formation, growth rate, excretion of periplasmic proteins, cholate sensitivity, and ,-lactamase induction. The results have been summarized in Fig. 6 . The higher the concentration of benzylpenicillin the earlier the effects appear. Most of the effects are concerned with the functioning of the cell envelope. Cholate sensitivity seems to be due to an opening of the outer membrane (1) . Excretion of periplasmic ,-lactamase can also be explained by changes in the properties of the outer parts of the envelope.
The excretion of f-lactamase seems to be due to an opening of the periplasmic volume rather than to lysis of the cells (Fig. 4) .
The various effects obtained by treatment with benzylpenicillin appear in a defined order at all concentrations tested, indicating that they represent different stages of distortion of the bacterial envelope. This could also mean that the real inducer of ,B-lactamase biosynthesis is a cell wall precursor or a product formed as a by-product of cell wall biosynthesis after addition of penicillin. In this context it may be 6 . Effect of various concentrations of benzylpenicillin on P. aeruginosa 1822s. The lag before hydrolysis of benzylpenicillin started was estimated from Fig. 3 , the time before the optical density curves deviated from the control was taken from Fig. 1 , the lag before the cells showed a drastically increased sensitivity to sodium cholate was estimated from experiments analogous to that described in Fig. 12 in reference 1, and the lag before f-lactamase production was induced was estimated from Fig. 4 
